In the multimodal lateral cortex of the inferior colliculus (LCIC), there are two neurochemically and connectionally distinct compartments, termed modular and extramodular zones. Modular fields span LCIC layer 2 and are recipients of somatosensory afferents, while encompassing extramodular domains receive auditory inputs. Recently, in developing mice, we identified several markers (among them glutamic acid decarboxylase, GAD) that consistently label the same modular set, and a reliable extramodular marker, calretinin, (CR). Previous reports from our lab show similar modular-extramodular patterns for certain Eph-ephrin guidance members, although their precise alignment with the developing LCIC neurochemical framework has yet to be addressed. Here we confirm in the nascent LCIC complementary GAD/CR-positive compartments, and characterize the registry of EphA4 and ephrin-B2 expression patterns with respect to its emerging modular-extramodular organization. Immunocytochemical approaches in GAD67-GFP knock-in mice reveal patchy EphA4 and ephrin-B2 domains that precisely align with GAD-positive LCIC modules, and are complementary to CR-defined extramodular zones.
1978; Casseday & Covey, 1996; Chen et al., 2018; Gruters & Groh, 2012; Jain & Shore, 2006) . Fundamental to understanding its functionality is an appreciation for the orderly arrangement of its multisensory inputs, such that modality-specific projections target distinct aspects of its segregated modular-extramodular framework (Chen et al., 2018; Lesicko et al., 2016) . Somatosensory inputs arising from cortex and major brainstem nuclei exhibit a series of discontinuous patchy or modular terminal fields that span LCIC layer 2 (Wiberg & Blomqvist, 1984; Zhou & Shore, 2006) . In contrast, cortical afferents of auditory origin, as well as projections from the IC itself, appear complementary, targeting surrounding extramodular domains that dominate LCIC layers 1 and 3 (Lesicko et al., 2016; Stebbings et al., 2014; Winer et al., 1998) .
Details concerning how LCIC compartments are organized and the manner in which they develop into their adult configuration have received little attention to date. LCIC modular fields are readily identifiable in the adult with a host of neurochemical stains, including acetylcholinesterase (AChE), cytochrome oxidase (CO), glutamic acid decarboxylase (GAD), and nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d), and appear highly conserved across species (Chernock, Larue, & Winer, 2004) . These markers have similar patterns and are largely overlapping, highlighting a singular modular set throughout the LCIC. Modular confines are also present in adult mouse (Lesicko et al., 2016; Stebbings et al., 2014) , despite initial reports to the contrary (Chernock et al., 2004) , and exhibit precise marker alignment early in development (Dillingham, Gay, Behrooz, & Gabriele, 2017) . Modular compartments, while not readily identifiable at birth, become discernible by postnatal day 4 and increasingly apparent in the LCIC with age. Furthermore, in contrast to the host of modular markers, calretinin (CR) staining is conspicuously absent from developing modules, specifically labeling surrounding extramodular zones (Dillingham et al., 2017) . These complementary modular-extramodular patterns in neonatal mice suggest an early LCIC compartmentalization, and likely compartment-specific projections that are established over a similar developmental period.
Although the mechanisms that instruct the segregation of LCIC neurons and their connections into discrete modular-extramodular compartments have yet to be established, studies from our laboratory implicate certain members of the Eph-ephrin guidance family as playing a potential role. In particular, EphA4 and ephrin-B2 are transiently expressed in the developing LCIC during the period that its microorganization is seemingly shaped. These two guidance molecules, while belonging to different subfamilies, are known to exhibit strong binding affinities for each other (Bergemann et al., 1998; Gale et al., 1996) . Their expression patterns, unlike their characteristic gradients in the neighboring CNIC, are discrete and consist of a discontinuous series of concentrated patches (Cramer & Gabriele, 2014; Gabriele et al., 2011; Wallace, Harris, Brubaker, Klotz, & Gabriele, 2016) , reminiscent of the emerging LCIC neurochemical modularity. Despite temporal and spatial similarities in these patterns, it remains unknown how these guidance patterns interface with its developing modularextramodular framework. This study utilizes a GAD67-GFP knock-in mouse line to enable easy visualization of developing LCIC modules
and shows a precise overlap with EphA4 and ephrin-B2 expression patterns. As anticipated, their alignment with modular compartments is complementary to CR-defined extramodular zones. Specific neuronal populations with distinct neurochemical and guidance signatures are identified within modules and discussed with respect to developing LCIC compartments and its multimodal afferent-efferent systems.
| MATERIALS AND METHODS

| Animals
Experiments were performed on approximately equal numbers of male and female C57BL/6J (n = 11, Jackson laboratories, Bar Harbor, ME) and GAD67-GFP transgenic mice (n = 49). C57BL/6J control mice were used in pilot single-labeling experiments to verify antibody specificity and to determine optimal dilutions in neonatal tissue (data not shown) that then informed the design of the presented multiple-labeling studies. Knock-in GAD67-GFP (Δ neo) mice (C57BL/6J background) with cDNA encoding enhanced GFP inserted into the GAD67 promoter were utilized to enable easy visualization of inhibitory, GABAergic neurons. Generation of this strain is described elsewhere (Tamamaki et al., 2003 ; permission granted by Dr Yuchio Yanagawa, Gunma University Graduate School of Medicine, Gunma, Japan; breeding pairs kindly provided by Dr Peter Brunjes, University of Virginia, Charlottesville, VA).
Equally spaced developmental stages beginning at birth (postnatal Day 0, 4, 8, and 12) were examined leading up to hearing onset (P12). For initial experimentation, a few mice were also examined posthearing (P14) to confirm clearly segregated and complementary modular (GAD) and extramodular (CR) patterns, similar to that previously described for other marker combinations (e.g., NADPH-d and CR, Dillingham et al., 2017) . A minimum of four mice were used at each age for each experimental group. Procedures were performed in accordance with National Institutes of Health Guide for Care and Use of Laboratory Animals (NIH Publication No.80-23, revised 1996) . All protocols also received prior approval by the Institutional Animal Care and Use Committee (Protocol No. A14-15 and A18-15).
| Perfusion and tissue sectioning
Mice were administered a lethal dose of ketamine (200 mg/kg) and xylazine (20 mg/kg) and transcardially perfused with a physiological rinse (0.9% NaCl and 0.5% NaNO 2 in dH 2 O), followed by 4% paraformaldehyde (pH 7.4) alone, and then in solution with 10% sucrose.
Brains were removed and postfixed overnight at 4 C (4% paraformaldehyde/10% sucrose). Finally, tissue was allowed to equilibrate in a final cryoprotective solution of 4% paraformaldehyde with 30%
sucrose. Brains were blocked coronally, keeping tissue from the caudal extreme of the IC to rostral extent of the midbrain. Sections were cut at 50 μm with a sliding freezing microtome and collected in 0.1 M phosphate-buffered saline (PBS, pH 7.4).
| Fluorescence immunohistochemistry
Free-floating sections were rinsed three times in PBS for 10 min, laser, the 488 nm line of an Argon Ion laser, and a 561 nm solid-state laser, respectively; they were detected on separate PMTs with 447/60, 525/50, and 561LP filters, respectively. The blue channel was imaged separately from the other channels to minimize spectral bleed-through; green and red channels showed no spectral cross-talk and were thus imaged simultaneously. A digital scanning zoom was performed to achieve a resolution of 0.10 μm/pixel and images were acquired with 2× averaging to reduce noise. Confocal images are presented as maximum intensity Z-projections of selected slices from acquired Z-stacks. The maximum projection algorithm picks, for each pixel, the greatest value across the entire stack.
ImageJ software (NIH, Bethesda, MD) was used to sample LCIC labeling in raw, uncompressed images. Only the mid-rostrocaudal third of the LCIC was analyzed where modular-extramodular organization was most readily apparent. Channels of merged images were separated and converted to grayscale in ImageJ. A freehand tool with specified line thicknesses (set to optimize modular sampling, normally an ImageJ line thickness around 100, or~75-100 μm, but varied with age) was used to sample from ventral-to-dorsal along LCIC layer 2 contours, bisecting GAD-positive modules. A region of interest (ROI) function was utilized to duplicate the exact sampling contour in each of the separated channels. Sampling data for multiple channels were compiled to generate plot profiles illustrating brightness patterns of various labels with respect to each other. Alignment of periodic EphA4 and ephrin-B2 with GAD-positive modular fields was motivation for running double-labeling experiments for these two guidance molecules simultaneously in these mice.
Auto-and cross-correlation functions were performed as previously described (Fathke & Gabriele, 2009) Previous reports from our lab in C57BL/6J mice using brightfield approaches (Dillingham et al., 2017) 
| Early registry of EphA4 with GAD-positive LCIC modules
EphA4 expression in the neonatal rodent LCIC appears as a discontinuous network of patches (Cramer & Gabriele, 2014; Gabriele et al., 2011; Wallace et al., 2016) , consistent with that described for a series of neurochemical modular markers (Dillingham et al., 2017) . Autocorrelation analyses revealed strong periodic signals for both channels (periodicity >0.5) at each of the ages with no statistically significant difference between ages (p > .05). Period length was also not significantly different between GAD and EphA4 at each age (p > .05), but was shown to significantly increase from P0/P4 to P4/P8 (p < .5). Cross-correlation functions assessing relative overlap for the two channels with zero spatial shift was strong at each of the ages (>0.5), with no significant change (p > .5) across ages. White curves (a,c,e,g) indicate trajectory of LCIC layer 2 sampling. Dashed contours highlight layer 2 modules corresponding to peaks in adjacent brightness plot profiles (arrows). Scale bars in (a,c,e,g) = 100 μm [Color figure can be viewed at wileyonlinelibrary.com]
| GAD-EphA4 modularity is complementary to calretinin expression
Two ages, P4 and P8, were further examined to directly test if indeed EphA4 staining that aligns with GAD-positive modules, is complementary to extramodular CR labeling as anticipated. These time points were chosen as P4 is the first to exhibit distinct GAD modular staining and CR intermodular bridging, and the fact that P4-P8 appears based on preliminary findings to be the period that much of the initial targeting of LCIC compartments by converging input arrays takes place. Figure 
| Ephrin-B2 alignment with developing LCIC compartmental framework
Much like EphA4, ephrin-B2 is expressed in the nascent LCIC and exhibits a pattern consistent with that of modular labeling (Cramer & Gabriele, 2014; Gabriele et al., 2011; Wallace et al., 2016) . A series of experiments analogous to the presented EphA4 studies was performed for ephrin-B2 in GAD67-GFP mice at the same postnatal ages (Figure 7 ). GAD-positive modules are not readily apparent to the eye at birth, due to significant labeling in layers 1 and 3 that diminishes with age ( Figure 7a ). Similar to EphA4, ephrin-B2 is present at P0 and highly localized, forming patchy areas within layer 2 (Figure 7b were still evident in the EphA4 network that were unoccupied, likely housing another unique yet to be identified neuronal population.
| EphA4 and ephrin-B2 overlap throughout rostrocaudal extent of LCIC
While this study focused primarily on the mid-rostrocaudal extent of the LCIC where the modular-extramodular arrangement is most evident, cases combining EphA4 and ephrin-B2 labeling were also characterized along the rostrocaudal extent of the LCIC (Figure 11 ).
Co-localization of EphA4 and ephrin-B2 patterns with GAD-positive domains that was observed and quantified mid-rostrocaudally remained consistent throughout the span of the LCIC. Whereas (Figure 11a ). This regional variation is consistent with GAD distributions in this area and that previously described for another modular marker, NADPH-d (Dillingham et al., 2017 ).
EphA4 and ephrin-B2 expression in the rostral LCIC and intercollicular nuclei again matched GAD patterns, where modular compartments merge while taking up a deeper more medial position (Figure 11d ).
| DISCUSSION
In this study, we examined the developmental expression of two guidance molecules with known binding affinities for each other (Bergemann et al., 1998; Gale et al., 1996) , EphA4 and ephrin-B2, and their registry with previously described neurochemical LCIC compartments (Dillingham et al., 2017) . Both proteins are highly expressed during the early postnatal period and exhibit a series of characteristic patches, consistent with LCIC layer 2 modular zones. These guidance patterns align with the emerging modular-extramodular framework, and display an early precision highlighted by experiments combining CR staining in GAD67-GFP mice. Quantification methods show highly periodic signals at each of the ages with strong matching of profile waveforms (GAD/EphA4 and GAD/ephrin-B2 overlap). Matching of EphA4 and ephrin-B2 with GAD-positive modules was strong over the developmental period studied. Whereas both EphA4 and ephrin-B2 consistently exhibit modular patterning, EphA4 label is fibrous and punctate in its appearance, while ephrin-B2 was more cellular. Ephrin-
Development of GAD/ephrin-B2 modular overlap. GAD (green) and ephrin-B2 (red) expression at P0 (a-c), P4 (d-f ), P8 (g-i), and P12 (j-l). GAD modules again become increasingly more apparent with age (a,d,g,j). Ephrin-B2 modules (b,e,h,k, dashed contours) are easily discernible at all ages and highly localized to layer 2, similar to EphA4. Digital merges (c,f,i,l) show the spatial registry of GAD and ephrin-B2 patterns (dashed contours). Scale bars = 50 μm [Color figure can be viewed at wileyonlinelibrary.com]
Ontogeny of alignment of GAD/ephrin-B2 LCIC patterns. Developmental images (a,c,e,g) and corresponding brightness plot profiles (b,d,f,h) for GAD (green) and ephrin-B2 (red) expression in the mid-rostrocaudal LCIC. Signals are periodic and in-phase especially at the three older stages (c,e,g, dashed contours; d,f,h, arrows), while statistically weaker at birth (a,b). Period length was not significantly different between GAD and ephrin-B2 at each age (p > .05), but was shown to significantly increase from P0/P4 to P4/P8 (p < .5). Cross-correlations were strong at each of the ages (>0.5), with a trend of more precise overlap with age. White curves (a,c,e,g) 
| Anatomical characterization of LCIC compartments
Previous studies in a variety of adult species revealed a series of discontinuous modules in the IC shell consistently labeled with an assortment of neurochemical stains, including AChE, NADPH-d, GAD, CO, and parvalbumin (Chernock et al., 2004; Dillingham et al., 2017; Lesicko et al., 2016) . A recent study from our lab confirms these markers highlight the same modular set and that LCIC modularity develops neonatally (Dillingham et al., 2017) . This report was also the first to identify CR as a reliable marker for complementary extramodu- 4.2 | Topographical organization of multimodal LCIC afferent/efferent systems LCIC modality-specific projection streams appear to identify and obey established modular-extramodular boundaries (Bajo, Nodal, Bizley, Moore, & King, 2007; Lesicko et al., 2016; Saldaña et al., 1996; Saldaña & Merchán, 1992; Stebbings et al., 2014; Torii, Hackett, Rakic, Levitt, & Polley, 2013; Wiberg & Blomqvist, 1984; Winer et al., 1998; Zhou & Shore, 2006) . In adult mouse, converging ascending and descending inputs from somatosensory and auditory nuclei exhibit clear modular and extramodular configurations, respectively (Lesicko et al., 2016; Stebbings et al., 2014) . Although these studies did not include CR staining of extramodular zones, labeled somatosensory inputs clearly overlapped GAD-positive modules, while auditory inputs terminated within surrounding domains. Such segregated LCIC multisensory afferent streams are in keeping with features consistent with discrete topographic maps (Luo & Flanagan, 2007) .
Unlike continuous neural maps that utilize Eph-ephrin countergradients to provide positional information (Cang & Feldheim, 2013) , expression in discrete systems is most often discontinuous, with complementary domains exhibiting different guidance proteins. Such an arrangement is epitomized in the nascent LCIC, where EphA4 and ephrin-B2 discontinuous patches dominate its dorsoventral axis.
While it remains to be directly tested, correlative evidence suggests these zones are surrounded by ephrin-B3 extramodular expression (Wallace et al., 2016) . One of our current aims is to assess the developmental progression of the various LCIC multimodal afferent patterns and how they interface with its emerging neurochemical and guidance framework. Results from these studies should provide insights for future experiments that aim to ascertain the precise Ephephrin interactions necessary for establishing its segregated modalityspecific afferent streams.
Here we provide evidence of an extensive network of EphA4 fibrous labeling that dominates developing LCIC modules. This plexus surrounds ephrin-B2-positive cells bodies that are in abundance within modular confines and other lacunae or voids that likely house other yet-to-be-identified cell populations. Perisomatic punctate labeling was frequently observed ringing ephrin-B2 somata, including the subpopulation also positive for GAD. These findings warrant further study that examines the potential for EphA4 (presynaptic) interactions with ephrin-B2 expressing modular neurons (postsynaptic). Furthermore, the source of these EphA4-positive endings still needs to be systematically determined, to confirm if indeed these fibers correspond to inputs arising from somatosensory cortex and brainstem (spinal trigeminal and dorsal column) nuclei. Certainly the present findings, together with recent advances in adult mouse characterizing brainwide inputs to specific LCIC cell types (Chen et al., 2018) , suggest a complex connectivity involving afferents from multiple systems (multisensory and neuromodulatory, Nevue, Elde, Perkel, & Portfors, 2016) and levels (ascending, descending, and colliculocollicular) that converge on its modularextramodular framework and exert influences on subpopulations of GABAergic and glutamatergic neurons. It remains to be determined the degree to which the connectional modularity that is evident for LCIC afferent systems also exists for its major efferent pathways, including those known to project on to the SC, the periaqueductal gray, and shell regions of thalamus (Chen et al., 2018). 4.3 | Eph-ephrins delineate distinct subcompartments in other systems that receive unique input combinations
The mosaic arrangement described here consisting of two major compartments is not unique to the IC shell. In fact, many areas exhibit similar organizational features, including olfactory bulb glomeruli (St John, Pasquale, & Key, 2002) , barrel fields of somatosensory cortex (Erzurumlu, Chen, & Jacquin, 2006) , the honeycomb-like lattice of the intermediate and deep superior colliculus (Illing & Graybiel, 1985; Mana & Chevalier, 2001; Wallace, 1986a Wallace, , 1986b Wallace & Fredens, 1989) , and striosomes (patch) and surrounding matrix of the striatum (Gerfen, 1992; Gerfen, Baimbridge, & Miller, 1985; Passante et al., 2008) . Each of these patterns, similar to LCIC modular-extramodular zones, was initially described utilizing a variety of neurochemical markers that selectively highlighted certain cellular cohorts or neuronal compartments. These discrete morphological arrangements underlie important functional delineations for each of these areas as evidenced by similar mapping features of their now described segregated, input-output arrays. Furthermore, the development of many of these complex circuits relies upon highly orchestrated events involving the spatiotemporal expression of Eph-ephrin signaling proteins (Janis, Cassidy, & Kromer, 1999; Passante et al., 2008) .
The present findings of matching neurochemical and guidance features suggest the LCIC may share certain aspects of its development with these analogous systems. However, in comparison, very little is known about the mechanisms and events that shape multimodal LCIC compartments. It remains unknown whether neurons destined to reside in modules versus extramodular zones is determined based on birthdates. In the striatum, neurons are generated sequentially, with striosomal neurons preceding matrix neurons (Mason et al., 2005; van der Kooy & Fishell, 1987; Yun et al., 2002) . These two cell populations intermingle embryonically in the striatal mantle, prior to segregating into their appropriate compartments during the early postnatal period (Krushel, Fishell, & van der Kooy, 1995; Lança, Boyd, Kolb, & van der Kooy, 1986) . If LCIC neurons were to follow a similar progression, in vitro assays would be needed to determine if a balance (Dillingham et al., 2017) . Furthermore, Eph-ephrins are differentially expressed in complementary striosome/matrix patterns (Passante et al., 2008; Tai, Cassidy, & Kromer, 2013) , much like that described here for the developing LCIC modules. Prior to determining the precise role of Eph-ephrins in cell segregation and discrete map formation in the LCIC, the full complement of guidance members at play must first be identified, and the many cell adhesion molecules that they likely interact with to exert their influences.
| Concluding remarks
The presented data lend considerable support to the notion of Ephephrin involvement in the compartmentalization of the LCIC and the establishment of its characteristic modular-extramodular zones. Much work remains to determine the specific mechanisms that mediate compartmental cell sorting and boundary formation, and the manner in which its developing multimodal afferent and efferent pathways map with the underlying microstructure. Lastly, anatomical, physiological, and behavioral assessments in transgenic lines where the modular-extramodular organization is disrupted or compromised are needed to gain further insights into the LCIC, its development, connectivity, and functionality.
FIGURE 11 Caudal to rostral overlap of GAD/EphA4/ephrin-B2 patterning. LCIC triple labeling (GAD = green; EphA4 = red; ephrin-B2 = blue) throughout the caudorostral extent of the LCIC (a-d). Caudally, modules are interconnected (a), appearing as a strip along layer 2. In the midrostrocaudal zones, the discontinuous modular morphology is most readily apparent (b,c), prior to converging and taking up a deeper position in the rostral extreme (d). Matching of GAD, EphA4, and ephrin-B2 LCIC patterns is consistent throughout the caudorostral dimension. The observed shape changes are consistent with that previously described for other modular markers (Dillingham et al., 2017) . Scale bars (ad) = 100 μm [Color figure can be viewed at wileyonlinelibrary.com]
